Introduction {#sec1}
============

One-dimensional (1D) semiconducting nanomaterials have proven their promising potential in crucial sensing applications by serving as chemical, biological, and light sensors.^[@ref1]−[@ref4]^ In particular, transparent conducting oxide (TCO) nanostructures have shown their versatility in sensing various types of analytes ranging from gas species to biological molecules to light.^[@ref1]−[@ref4]^ The improved performance leading to increased signal and fast response time is often attributed to the inherently high surface-to-volume ratio of nanomaterials, when compared to the same sensing devices which are made from thin film or bulk structures.

Both individual nanostructures and their ensembles have been previously employed to construct sensor devices. Typical fabrication processes involving individual nanostructures require the use of high-cost, low-yield, and highly specialized fabrication equipment, presenting challenges for scalability of their assembly and production. On the other hand, sensors constructed from networks of nanostructures are not subjected to the complicated fabrication processes often employed for single nanostructure devices, potentially enabling a large-scale production via facile and low-cost techniques. Nanostructure network devices may also benefit from better light trapping and suppressed reflection.^[@ref5],[@ref6]^ In addition to these advantages, ensemble platforms have shown to provide adequate or improved performances,^[@ref7]−[@ref9]^ making them very attractive, alternative sensor devices that are easy to fabricate. Significant research efforts have so far been made to characterize single TCO nanostructure devices. Yet, it is equally important to examine nanomaterial network devices, when considering the aforementioned overall effectiveness of sensor devices constructed from nanomaterial ensembles. In this regard, we have previously demonstrated the different uses of indium tin oxide nanowire (ITO NW) network systems in biomolecular fluorescence and surface-enhanced Raman signal detection.^[@ref10],[@ref11]^

Here we examine ITO NW network devices for photosensor applications. We demonstrate that ITO NW network-based devices can function as highly effective photodetectors capable of sensing ultraviolet (UV) and visible (VIS) light with high sensitivity and fast response time. We also show that the UV/vis sensing capability of the ITO NW mesh devices can be significantly improved by modifying the NWs with a cationic polymer, poly-[l]{.smallcaps}-lysine. High photovoltage and photocurrent signals are observed from these sensors, with much faster rise and decay time than those reported for single NW devices. The photoresponsivity of the ITO NW mesh devices is comparable to those of commercial UV/vis detectors even at a low bias. In addition, our ITO NW mesh-based devices are fabricated with simple processes which do not involve lithographic patterning or thin film deposition. Therefore, our approach can be highly beneficial to developing alternative platforms for low-cost, high performing photodetectors with improved scalability.

Experimental Section {#sec2}
====================

Silicon wafers (resistivity \<1 Ω cm, thickness: 0.017 in.) and Au colloid (20 nm in diameter) were obtained from Silicon Quest International Inc. (Santa Clara, CA) and Ted Pella, Inc. (Redding, CA), respectively. A Si wafer with a thin layer of Au catalysts was then placed approximately 5 in. downstream from a 2:1 mixture of graphite and ITO powder (In~2~O~3~:SnO~2~ = 90:10 wt %) which was kept at the center of a home-built chemical vapor deposition (CVD) reactor. The sample was subsequently produced in the horizontal resistance furnace under a constant flow of 100 standard cubic centimeters per minute (sccm) of Ar, similar to the process reported earlier^[@ref10]^ at the reaction temperature of 850 °C for 15 min. Other nanostructures of tin oxide (SnO~2~), zinc tin oxide (ZTO), and zinc oxide (ZnO) were similarly produced for photovoltage comparison with ITO. They were generated by using a 1:1 mixture of graphite and SnO~2~ heated to 850 °C for 2 h, a 5:1 mixture of graphite and ZTO powder (SnO~2~:ZnO = 50:50 wt %) at 915 °C for 10 min, and a 2:1 mixture of graphite and ZnO heated to 900 °C for 1 h, respectively. As-grown nanostructures form a thin layer on the Si supports. The size and morphology of CVD-synthesized nanomaterials were then characterized by using a FEI/Philips XL 20 scanning electron microscope (SEM) operated at 20 kV. X-ray diffraction (XRD) data were acquired by using a Rigaku Ultima IV X-ray diffractometer (The Woodlands, Texas) operated with an accelerating voltage and current of 45 kV and 44 mA, respectively, under Cu K~α~ radiation. The samples were scanned at a rate of 2°/min in the range of 2θ = 5--80°.

Ag contacts were fabricated using silver pastes (Ted Pella, Inc.) on either end of the nanomaterial layer serving as the left (L) and right (R) electrodes for subsequent, lateral photovoltage (LPV) measurements. The sample assembly was then placed in a dark housing with a small front aperture to introduce a light source to the sample while eliminating any external optical and electrical noise. At the bottom center of the enclosure, a sample holder connects the two electrodes on the sample to the 200 MHz oscilloscope through a BNC connector for voltage characterization. A 543 nm HeNe laser (Newport Corp., Santa Clara, CA) was used as a constant-wave, visible (VIS) illumination source, with a spot diameter and laser power of 1 mm and 1.14 mW, respectively. The light was sent through an optical chopper (Thorlabs, Inc., Newton, NJ) rotating with a predetermined frequency. UV illumination was delivered by a Quanta-Ray GCR-3 pulsed Nd:YAG laser (Spectra Physics, Santa Clara, CA) as a light source. The frequency-tripled output of the laser (wavelength 355 nm) has a measured pulse width of 8 ns, repetition rate of 10 Hz, and maximum pulse energy of 200 mJ. The beam was attenuated to give a pulse energy of roughly 15 μJ per pulse incident on the sample with a spot size of 1 mm. In addition, current--voltage (*I*--*V*) measurements were carried out by sweeping the L--R voltage using a Hewlett-Packard pA-meter/DC-voltage source, HP 4140B.

Results and Discussion {#sec3}
======================

Figure [1](#fig1){ref-type="fig"}(a) displays representative 4 × 4 μm SEM panels for as-grown SnO~2~, ZTO, ZnO, and ITO nanomaterials. Nanowire (NW)-like structures are observed from SnO~2~ and ITO plates, whereas nanorod (NR) and nanobelt (NB) structures are found from the ZnO and ZTO plates, respectively. The average diameter of SnO~2~ NWs (35.7 ± 2.0 nm) is similar to that of ITO NWs (40 ± 1.5 nm), whereas the diameter of ZTO NBs (333 ± 45 nm) is similar to that of ZnO NRs (300 ± 15 nm). Figure [1](#fig1){ref-type="fig"}(b) shows a magnified SEM panel and X-ray diffraction (XRD) data of ITO NWs, the material of focus in this paper. XRD peaks positioned at 30.45°, 35.28°, 50.80°, and 60.40° correspond to (222), (400), (440), and (622) ITO NW planes in the cubic crystal structure of bixbyite Mn~2~O~3~ I type (C-type rare-earth oxide structure), respectively. The atomic arrangements of In, Sn, and O in the ITO NWs are depicted in the crystal structure model provided in Figure [1](#fig1){ref-type="fig"}(b). Our overall experimental scheme for the nanomaterial network photoelectric measurements is displayed in Figure [1](#fig1){ref-type="fig"}(c).

![(a) 4 × 4 μm SEM images displaying typical CVD-grown structures of SnO~2~ NWs, ZTO NBs, ZnO NRs, and ITO NWs. (b) A 2 × 2 μm, zoomed-in SEM panel shows the structure of individual ITO NWs. XRD data of as-grown ITO NWs are also provided along with a schematic representation of the atomic arrangements in ITO NW crystals. (c) Schematic diagram of our overall photoelectric measurement setup.](jp-2014-06074c_0005){#fig1}

The device schematic provided in Figure [2](#fig2){ref-type="fig"}(a) displays a typical sample configuration involving networks of ITO NWs. Figure [2](#fig2){ref-type="fig"}(a) also displays a representative voltage response obtained from ITO NWs, showing a maximum photovoltage (*V*~ph~) value of 31 mV. Down (up) arrows inserted in Figure [2](#fig2){ref-type="fig"} indicate the time when the 543 nm laser directed to the sample is on (off) through a 400 Hz chopper wheel. In comparison, Figure [2](#fig2){ref-type="fig"}(b) displays typical photovoltage plots acquired from the other three types of devices consisting of SnO~2~ NWs, ZnO NRs, and ZTO NBs. The voltage responses upon illumination on these materials are significantly lower than what we observe from ITO NWs. Both ZnO NR and ZTO NB devices result in *V*~ph~ of ∼3 mV, whereas SnO~2~ NWs produce an even weaker signal of ∼2 mV. Although the exact origin of the increased photovoltage response observed from ITO NWs in comparison to other nanomaterials is not clear yet, various inherent electrical properties of the materials, such as charge carrier density, resistivity, and carrier mobility, may contribute to this effect. The corresponding values for an ITO thin film, for example, are, respectively, reported to be on the order of 5 × 10^20^/cm^3^, 2 × 10^--4^ Ω·cm, and 55 cm^2^/(V·s),^[@ref12],[@ref13]^ whereas those of a ZnO thin film are 10 × 10^19^/cm^3^, 1 × 10^--2^ Ω·cm, and 35 cm^2^/(V·s).^[@ref14]^ The higher charge carrier density and mobility combined with the lower resistivity of ITO may promote the enhanced photoinduced voltage signal in our experiment. The magnitude of *V*~ph~ varies on the same sample devices depending on the laser position. The laser spot is kept on the sample location, producing the highest signal for all devices characterized in Figure [2](#fig2){ref-type="fig"}. When comparing the highest *V*~ph~ of the different devices, the photoresponse of ITO NWs is an order of magnitude larger than other similar semiconducting oxide nanomaterials shown in Figure [2](#fig2){ref-type="fig"}(b). Therefore, herein we focus our discussion of this paper on ITO NWs. The response time of the photovoltage change of the ITO NW device is determined by using the pulsed Nd:YAG laser as a light source. Figure [2](#fig2){ref-type="fig"}(c) displays the typical response time of the ITO NW photodetectors which is defined collectively by the rise (*T*~r~) and decay (*T*~d~) time. The response time of ITO NW devices is determined as *T*~r~ = 20 μs and *T*~d~ = 1.5 ms.

![(a) Typical photovoltage acquired from ITO NWs while illuminating the device with a 543 nm laser through an optical chopper is shown. (b) Photovoltage signal from SnO~2~, ZTO, and ZnO nanostructures is recorded when using the same light source as (a). (c) Typical photovoltage signal obtained from ITO NW devices when using a 355 nm pulsed laser is provided. The inset is a zoomed-in view with the light on to show clearly the rise time.](jp-2014-06074c_0006){#fig2}

Electrical responses in many nanomaterial-based electronic devices can be effectively tailored by a simple modification of the channel surfaces of the devices.^[@ref15]−[@ref19]^ Organic amines and polymers have been utilized previously as gates or gate modifiers in chemical- and electrolyte-gating applications, respectively.^[@ref15]−[@ref19]^ These methods can produce a large change in electrical signal via simple means without introducing chemical dopants or charge-separating layers into the channel material. In order to test whether the light-activated, electrical response of our nanomaterial devices can be altered in a similar way, a cationic polymer of PLL was chosen as a model system and uniformly applied to the surface of the ITO NW layer. Typical photovoltage signals from the PLL-treated ITO NW (PLL/ITO NW) devices were subsequently probed by using the 543 nm laser, and the results are provided in Figure [3](#fig3){ref-type="fig"}(a). When keeping the same laser spot on the sample position yielding the highest signal, a significantly increased *V*~ph~ value of 100 mV is recorded on PLL/ITO NWs as plotted in black in Figure [3](#fig3){ref-type="fig"}(a). The photoresponse decreases when it is positioned away from the edge toward the middle of the sample. Colored plots in Figure [3](#fig3){ref-type="fig"}(b) display such changes in photoresponse amplitudes when varying the laser position along a line spanning from one electrode to the other (marked as L and R electrodes in the schematics) on the PLL/ITO NW device. *V*~ph~ varies with the light position on the line between the L and R electrodes with Δ*V*~ph~/Δ*x* of approximately 20 mV/mm for PLL/ITO NWs. Figure [3](#fig3){ref-type="fig"}(c) displays the photovoltage response of the PLL/ITO NW device upon illumination with the 355 nm pulsed laser. The response time of the PLL/ITO NW device is slightly longer than the ITO NW device, exhibiting *T*~r~ = 30 μs and *T*~d~ = 3.7 ms.

![(a) Typical photovoltage response obtained from PLL-modified ITO NW devices upon periodic illumination with a 543 nm laser displayed. Plots indicated as (1), (2), and (3) correspond to voltage signal changes depending on the laser position as indicated in the schematic. (b) Voltage difference (*V*~ph~*-- V*~d~) between 543 nm light-on and -off is recorded at five different illumination positions along the middle of the PLL/ITO NW device spanning one electrode to the other. Relative laser positions are marked as (1) through (5) as shown in the schematic. (c) Typical photovoltage signal obtained from PLL/ITO NW devices probed by a 355 nm pulsed laser is shown. The inset is a zoomed-in view with the light on to show clearly the rise time.](jp-2014-06074c_0001){#fig3}

As the excitation wavelengths of both lasers used in our experiments are below the bandgap of ITO NWs^[@ref20]^ (\>3.75 eV), the photoresponse is not due to the generation of charge carriers from bandgap transition. One possible cause for the photovoltage is local heating in the region of the ITO NW network irradiated by the laser. It is known that light-induced temperature gradients in single and ensemble nanomaterials can produce a photovoltage through photothermoelectric effect (PTE) in a carbon nanotube, graphene, MoS~2~, and GaAs NW devices.^[@ref21]−[@ref27]^ Upon illumination, there will be a net electrical current from the hot side to the cold side until the electric field build-up balances this current. When the laser spot is positioned on one side of the network, close to one contact, the photovoltage is highest since the net current from the one contact (on the hot side) to the other contact (on the cold side) will be largest. When the laser spot is moved close to the middle of the sample, the current caused by the temperature gradient will flow from the hot middle region in both directions toward the two colder contacts, yielding a smaller net photovoltage. Therefore, for a symmetric device, photovoltage should be zero when the laser is positioned in the middle. Our results shown in Figure [3](#fig3){ref-type="fig"}(b) indicate an asymmetric device behavior, yielding a nonzero photovoltage at all five laser positions tested.

In order to understand this response, current--voltage (*I*--*V*) measurements were carried out by sweeping the L--R voltage from −3 to 3 V with an increment of 10 mV using the HP pA-meter/DC-voltage source. The light source used for the *I--V* measurements was the 543 nm laser. Figure [4](#fig4){ref-type="fig"} displays the resulting *I--V* characteristics of the ITO NW devices with and without the PLL modification. Asymmetric *I--V* curves are observed from both ITO NW and PLL/ITO NW devices. Such asymmetrical *I--V* curves have been reported previously on single nanomaterial devices such as ZnO NBs and NWs as well as Ge NW mesh devices.^[@ref28]−[@ref31]^ However, the exact origin of the rectifying *I--V* curves in these systems is not clear and still under debate.

![(a) Typical current versus voltage (*I--V*) plot is shown for ITO NWs. Dark current (*I*~d~) and photocurrent (*I*~ph~) are obtained while sweeping the L--R voltage from −3 to +3 V. The 543 nm laser serves as the illumination source. The *I--V* plot in the right panel displays a magnified view of the blue squared region in the *I--V* curve on the left. The open-circuit voltage (*V*~oc~) and short-circuit current (*I*~sc~) upon illumination are determined as 15 mV and 7.7 × 10^--8^ A, respectively, for the ITO NWs. (b) Typical *I--V* characteristics are displayed for PLL/ITO NW devices. The open-circuit voltage (*V*~oc~) and short-circuit current (*I*~sc~) upon illumination are determined as 67 mV and 1.0 × 10^--7^ A, respectively, as indicated in the magnified *I--V* panel shown on the right. (c) The photoresponsivity data of the ITO NW and PLL/ITO NW mesh devices are plotted against the bias in black and purple, respectively.](jp-2014-06074c_0002){#fig4}

Surface charge- and oxygen adsorbate-driven mechanisms often explaining photocurrent transport behaviors of many single NW devices will lead to a much slower reset time than what we observe from ITO NW-based devices. This slow response time of single NW devices is due to a long time scale associated with surface trap charging and the oxygen readsorption process (several minutes to hours).^[@ref31],[@ref32]^ In contrast, the very fast response and decay time observed from our ITO NW network devices in Figures [2](#fig2){ref-type="fig"}(c) and [3](#fig3){ref-type="fig"}(c) strongly suggest that a different mechanism may play a key role in our NW mesh configuration. We hypothesize that our devices are governed by a barrier-dominated transport mechanism. The L and R electrodes in our devices form different contact barriers at the interface with the ITO NW network due to variations in contact conditions caused by nonuniformity of the network, yielding asymmetric *I--V* characteristics. At the same time, NW--NW junction barriers existing in the NW mesh configuration may also contribute to the asymmetry of the *I--V* curves. The typical rise/decay time, on the order of micro-/milliseconds, observed from our ITO NW network devices indicates that photothermally induced charge carriers are instantaneously formed within tens of microseconds after illumination with the pulsed laser. However, such charge carriers can be restrained at the NW--NW interfaces and/or NW--Ag contact junctions, resulting in decay times in tens of milliseconds when the light is off. Hence, an alternative ITO device fabricated with aligned NWs between the two contacts may be able to reduce the time scale gap between the rise and decay time by minimizing the carrier trap at the NW--NW interfaces. Further work is underway to measure exactly the differences in the contact barriers at the NW--metal junctions in the L and R electrodes as well as to investigate the choice of metal for the electrodes.

The open circuit voltage (*V*~oc~) and short circuit current (*I*~sc~) were also obtained from the *I--V* curves. These results are clearly seen in the zoomed-in *I--V* plots of Figures [4](#fig4){ref-type="fig"}(a) and [4](#fig4){ref-type="fig"}(b) for the ITO NW and PLL/ITO NW device, respectively. Under the dark condition, no significant *V*~oc~ or *I*~sc~ is measured from the ITO NW or the PLL/ITO NW device. Upon illumination, the ITO NW device exhibits *V*~oc~ and *I*~sc~ of 15 mV and 7.7 × 10^--8^ A, respectively. These values change to *V*~oc~ = 67 mV and *I*~sc~ = 1.0 × 10^--7^ A for the PLL-modified ITO NW device under the same illumination condition. Figure [4](#fig4){ref-type="fig"}(c) displays the photoresponsivity, *R* = \[(*I*~ph~ -- *I*~d~)/(*P*\**a*)\], of the ITO NW and PLL/ITO NW devices shown in Figures [4](#fig4){ref-type="fig"}(a) and [4](#fig4){ref-type="fig"}(b). *I*~ph~, *I*~d~, *P*, and *a* correspond to the photocurrent, dark current, power density of the laser, and the cross-sectional area of the illumination, respectively. When using the 543 nm laser, the ITO NWs reach the *R* value of 0.07 A/W at 3 V, whereas the PLL-treated ITO NWs display *R* = 0.2 A/W at the same bias. The typical photoresponsivity of most commercial UV and vis photodetectors is in the range of 0.1--0.2 and 0.1--0.5 A/W, respectively.^[@ref33]−[@ref35]^ Hence, the photoresponsivity of our ITO NW mesh-based devices is comparable to the performance of commercial UV and vis photodetectors.

For comparison with other similar nanomaterial devices, Table [1](#tbl1){ref-type="other"} lists the performance characteristics of UV and vis photodetectors made from various individual and ensemble TCO nanomaterials.^[@ref36]−[@ref39]^ Key parameters of the light sensors are also shown along with those of our ITO NW mesh-based devices. The high performing ITO NW mesh devices demonstrated in this study can be straightforwardly constructed without the use of intensive lithographic steps and, thus, can potentially enable a large-scale production of ITO NW-based, UV--vis photodetectors. At the same time, our ITO NW network devices display fairly high *I*~ph~ and *R* values even at a low bias of 3 V, while featuring a very fast response time of *T*~r~ and *T*~d~.

###### Key Characteristics of UV/Vis Photodetectors Constructed from Various TCO Nanomaterials[a](#tbl1-fn1){ref-type="table-fn"}

  material type     λ~light~   *V*       *I*~ph~     *T*~r~   *T*~d~  ref
  ----------------- ---------- --------- ---------- -------- -------- ------------
  Co-ZnO NBs        370 nm     5 V       110 μA      200 s      \-    ([@ref37])
  630 nm            5 V        0.25 μA   500 s         \-             
  ZnO NW            390 nm     5 V       30 μA        23 s     33 s   ([@ref36])
  ZnO NW            350 nm     5 V       ∼0.01 μA     40 s    300 s   ([@ref40])
  Au NP--ZnO NW     350 nm     5 V       ∼1 μA        25 s     10 s   ([@ref40])
  SnO~2~ NBs        532 nm     --5 V     57 nA       \<1 s    \<1 s   ([@ref38])
  In~2~O~3~ NW      254 nm     0.3 V     290 nA       10 s    ∼900 s  ([@ref39])
  365 nm            0.3 V      33 nA     \-          ∼300 s           
  ITO NW mesh       355 nm     \-        \-          20 μs    1.5 ms  this study
  543 nm            3 V        225 μA    \-            \-             
  PLL/ITO NW mesh   355 nm     \-        \-          30 μs    3.7 ms  this study
  543 nm            3 V        325 μA    \-            \-             

Co-ZnO NB and SnO~2~ NB devices contain ensembles of nanomaterials, whereas ZnO NW and In~2~O~3~ NW systems are examples of individual nanomaterial devices. Parameters such as bias voltage (*V*), photocurrent (*I*~ph~), rise time (*T*~r~), and decay time (*T*~d~) are catalogued.

Conclusions {#sec4}
===========

In summary, we have shown that ITO NWs and PLL/ITO NWs configured in a network format can be effectively used as high performing UV/vis photodetectors. The photovoltage response of ITO NWs is much higher than similarly constructed devices made from SnO~2~ NWs, ZTO NBs, and ZnO NRs. The ITO NW mesh-based devices yield substantial photovoltage and photocurrent values of 31--100 mV and 225--325 μA at 3 V, respectively, under illumination with a 1.14 mW, 543 nm laser. The photoresponsivity of the ITO NW devices ranges from 0.07 to 0.2 A/W at a 3 V bias. The response time of the devices exhibits a rise time of 20--30 μs and a decay time of 1.5--3.7 ms when probed with a 355 nm pulsed laser. These photodetectors are simple and straightforward to construct without the need of complicated fabrication steps involving highly specialized instrumentations. Therefore, our efforts demonstrate that ITO NW network-based photodetectors can serve as a convenient alternative to commercial or single NW-based devices as easily assembled, high performing photodetectors.
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